REPORT  No.  822 

CALCULATIONS  OF  ECONOMY  OF  18-CYLINDER  RADIAL  AIRCRAFT  ENGINE  WITH 
EXHAUST-GAS  TURBINE  GEARED  TO  THE  CRANKSHAFT 


By  Richasd  W.  HANirau  and  Richabd  H.  Zquisskan 


SUAIMABT 

CaleulaiioM  based  on  dynamometer  test-stand  data  obtained 
on  an  18-cylinder  radial  engine  vsere  made  to  determine  the 
improvement  in  fuel  consumption  that  can  be  obtained  at  carious 
altitudes  by  gearing  an  srhaust-gas  turbine  to  the  engine  crank¬ 
shaft  in  order  to  increase  the  engine-shaft  work. 

The  calculations  indicated  that,  for  turbine  and  auxiliary 
supercharger  efficiencies  of  86  percent,  minimum  net  brake 
specific  fuel  consumptions  of  0.367  pound  per  brake  horsepower- 
hour  at  an  altitude  of  lOjOOOfeet  and  of  03£S  pound  per  brake 
horsepower-hour  at  30,000  feet  can  be  obtained  by  gemring  the 
exhaust-gas  turbine  to  the  engine  crankshaft  and  operating  the 
engine  at  a  speed  of  £000  rpm,  an  inlet-manifold  pressure 
of  40  inches  of  mercury  absolute,  and  a  fuel-air  ratio  of  0X)8S. 

The  reduction  in  net  brake  specific  fuel  consumption  that  can 
be  obtained  if  the  exhaust-gas  turMne  supplies  all  the  auxiliary 
supercharger  power  and  if  its  residual  power  is  transmitted 
through  gears  to  the  engine  crankshaft,  as  compared  with  auxil¬ 
iary  turbosupercharging,  is  approximately  14  percent  at  an 
altitude  of  10,000 feet  and  £1  percent  at  30,000 feet. 

The  net  brake  specific  fuel  consumption  with  a  geared  turbine 
is  a  minimum  for  engine  exhaust  pressures  approximately  £6 
percent  aboce  inlet-manifold  pressure  and  caries  only  slightly 
from  the  minimum  for  a  range  of  exhaust  pressures  from  6  to 
46  percent  aboce  inlet-man\fold  pressure. 

INTBODUenON 

The  use  of  an  exhaust-gas  turbine  to  drive  a  superchaiiger 
at  high  altitudes  is  an  effective  method  of  maintmning  sea- 
level  engine  power  at  altitude.  Analysis  has  shown,  however, 
that  the  waste  energy  of  exhaust  gases  is  recovered  more 
effectively  by  maintaining  an  engine  exhaust  pressure  higher 
than  the  minimum  required  for  turbosuperchaiging  and  thus 
increasing  the  work  output  of  the  exhaust-gas  turbine.  The 
extra  turbine  power  beyond  that  required  for  supercharging 
can  be  supplied  to  the  engine  crankshaft  througii  suitable 
gearing  (compound  operation). 

The  purpose  of  the  analysis  reported  is  to  determine  the 
improvement  in  net  brake  specific  fuel  consumption  that  can 
be  obtained  if  an  engine  is  equipped  with  a  geared  turbine 
and  supercharger  as  compared  with  the  engine  using  a  stand¬ 
ard  turbosupercharger.  The  calculated  values  of  specific  fuel 
consumption  presented  for  an  engine-turbine  combination 
w'ere  based  on  NACA  test  data  obtained  on  an  18-cylinder 


rachal  engine.  Operating  conditions  for  which  the  brake 
specific  fuel  consumption  of  the  combination  is  a  miniTniiTn 
ai«  ^ven.  The  required  turbine-nozrie  area  is  also  calcu¬ 
lated  to  indicate  the  size  of  turbine  suitable  for  geared 
operation. 

Because  the  engine,  the  turbine,  and  the  supercharger 
have  different  characteristics,  elements  designed  to  give  maxi¬ 
mum  efficiency  at  some  operating  conditions  are  incorrectly 
matched  at  other  conditions.  Provision  must  therefore  be 
made  to  obtain  satisfactory  performance  over  the  entire 
operating  range.  The  problem  of  obtaining  a  wide  operating 
I  range  is  briefly  discussed. 

The  investigation  reported  was  conducted  at  the  NACA 
Cleveland  Laboratory  in  the  fall  of  1944. 

METHODS 

This  analysis  is  based  on  dynamometer  test-stand  data 
obtained  with  an  18-(ylinder  radial  engine  operated  at  various 
speeds,  inlet^^nanifold  pressures,  and  exhaust  pressures.  The 
data  were  obtained  with  the  carburetor-inlet  pressure 
adjusted  by  a  butterfly  valve  in  the  charge-air  intake  pipe 
ahead  of  the  engine  to  provide  the  desired  iolet-manifold  pres¬ 
sure  with  wide-open  engine  throttle  in  all  runs.  Pertinent 
specifications  of  the  engine  are  as  follows: 


Displacement,  cubic  inohee _  2804 

Compression  ratio _  8.86 

Valve  timing: 

Inlet  opens,  degrees  B.  T.  C _  20 

Inlet  closefl,  degrees  A.  B.  C _  76 

Exhaust  opens,  degrees  B.  B.  C. _ _  70 

Exhaust  closes,  degrees  A.  T.  C _  20 

Valve  overlap,  degrees _ _ _ _ _  40 

Engine-stage  supercharger  impeller  diameter,  inches _  11 

Engine-stage  supercharger  gear  ratio . 7.6:1 

Spark  advance,  degrees  B.  T.  C _  26 


The  test  data  and  the  values  of  air  flow  and  brake  horse¬ 
power,  corrected  to  a  carburetor-air  temperature  of  90“  P, 
are  shown  in  table  I.  Although  the  carburetot^air  tempera¬ 
tures  obtained  in  flight  depend  upon  the  amount  of  auxiliary 
supercharging  and  intercooling  used,  the  arbitrary  use  of  a 
temperature  of  90°  F  for  all  calculations  was  considered 
justified  in  this  analysis  because  specific  fuel  consumption  is 
almost  independent  of  carburetor  temperature.  The  engine 
performance  at  an  engine  speed  of  2000  rpm  end  a  fuel-air 
ratio  of  0.003  for  various  engine  exhaust  pressures,  obtained 
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TABLE  I.— SUMMARY  OP  PERTINENT  TEST  DATA  ON  18-CYLINDER  RADIAL  AIRCRAFT  ENGINE 
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at  an  inlet-manifold  pressure  of  38  indies  of  mercury  absolute, 
was  extrapolated  to  an  inlet-manifold  pressure  of  40  indies  of 
mercury  absolute.  These  data  are  listed  in  table  II. 

TABLE  II.— ESTIMATED  PERFORMANCE  OF  IS-CYLINDER 
RADIAL  AIRCRAFT  ENGINE  .  , 

[Engine  speed,  9000  rpm;  intetmanlTold  ptesaore,  40  In.  Hg  absolute;  ruel-etr  ratio,  0JK3; 
oarbuiotor'«Ir  temperature,  00*  F;  eaibaretorelr  psessuie,  9740  in.  Bg  abstdute] 
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For  the  computation  of  net  brake  horsepower  of  Iho  com¬ 
bination,  the  auxiliary  supcrchai^er  and  the  turbiim  were 
assumed  to  be  on  the  same  shaft  and  the  difTercnco  between 
their  powers  to  be  transmitted  througti  gears  to  Uie  euginc 
crankshaft.  The  exhaust-gas  tomperatiuHis  used  in  com¬ 
puting  turbine  power  are  included  in  tables  I  and  II.  The 
temperatures  in  table  I  were  measured  approximately  Hi 
feet  dow'nstrcam  of  the  junction  of  the  two  halves  of  the 
exhaust  manifold.  The  calculated  turbine  work  is  that  re¬ 
sulting  from  expansion  of  the  entire  engine  e.\hau8l-gas  flow 
from  eng^e  exhaust  static  pressure  to  the  altitude  atmos¬ 
pheric  pressure.  The  calculated  auxiliary  supercharger  power 
is  that  r^uired  to  compress  the  cugme  (Himbust  ion-air  flow 
from  the  altitude  atmospheric  static  pressure  to  the  engine 
carburetor  pressure.  All  supercharger  computations  pre- 
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seated  relate  to  the  auxiliary  supercharger  because  the 
pon'er  of  the  engine-stage  supercharger  is  contained  in  the 
measured  engine  power  listed  in  the  tables  of  data.  Super¬ 
charger  and  turbine  efficiencies  of  85  percent  were  used 
in  most  of  tbe  computations.  In  addition,  some  computa¬ 
tions  were  made  with  efficiencies  of  70  percent  in  order  to 
show  the  effect  of  supercharger  and  turbine  efficiencies  on 
performance  of  the  combination.  A  gear  efficiency  of  95 
percent  was  used  for  the  calculations.  The  net  power,  when 
the  turbine  power  is  greater  than  the  supercharger  power, 
therefore  is: 

engine  power-!- 0.96 

(turbine  power—  auxiliary  supercharger  power) 


■■nil 


The  fud  flow  was  divided  by  the  net  power  to  give  a  net 
brake  speciflc  fuel  consumption  for  the  combination. 

At  each  condition  computed,  the  supercharger  and  the 
turbine  were  assumed  to  be  matched  to  the  engine  for  opera¬ 
tion  with  engine  throttle  full  open  and  turbine  waste  gate 
closed. 

DISCITSSION  OF  CUBVES 

The  variation  of  exhaust-gas  temperature  with  engine 
exhaust  pressure  at  two  fuel-air  ratios  and  three  inlet- 
manifold  pressures  at  an  engine  speed  of 2000  rpm  is  presented 
in  figure  1. 

Yatiation  of  the  gas  constant  for  exhaust  gas  with  fud-air 
ratio  and  the  variation  of  the  ratio  of  mean  specific  heats  with 
exhaust-gas  temperature  for  three  fud-air  ratios  were  taken 
from  reference  1  and  plotted  in  figure  2.  These  values  were 


tjT^na  exhouaf  pressuro,  in  oba, 

Fiouu  L— Vadstlon  of  net  bake  qpecUte  fuel  ooosimptlaii  vUh  wh<tm  piaiure 

at  TuloDS  encbie  ipeeda.  lacyllader  adUabeaft  engine  with  vaadtotblna  and  mper- 
cbaigK;  biel-air  latlo,  aMII;  blettnanUdl  moaa,  tO  Indbea  of  macniT  absotnte;  alU- 
tnde,  MUXn  feet;  arbnaCoFalr  tempeatna,  SO*  F;  turbine  and  Hipeirebataer  rfflebnelef; 
8S  peaent;  gear  efflcfennr.  SS  poMnt. 
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used  in  tho  equations  of  reference  1  to  compute  the  turbine 
power.  The  values  of  the  ratio  of  mean  specific  heats  are 
accurate  for  expansion  from  the  exhaust-gas  temperatures 
through  a  pressure  ratio  of  8,  and  a  negligible  error  is  mtro- 
duced  in  the  range  of  pressure  ratios  considered. 

The  net  brake  specific  fuel  consumption  of  the  engine- 
turbine-supercharger  combination  at  various  engiae  speeds 
for  a  fuel-air  ratio  of  0.086,  an  inleb-manifold  pressure  of  40 
inches  of  mercury  absolute,  and  an  altitude  of  30,000  feet  is 
given  in  figure  3.  This  figure  indicates  that  minimum  specific 
fuel  consumption  can  be  obtained  at  a  speed  of  approximately 
2000  rpm.  Because  it  is  reasonable  to  expect  that  this 
speed  will  also  give  minimum  specific  fuel  consumption  for 
fuel-air  ratios  less  than  0.086,  all  subsequent  curves  are 
plotted  for  a  speed  of  2000  rpm. 

The  variation  in  net  brake  specific  fuel  consumption  of  the 
combination  with  engine  ^aust  pressure  at  an  engine  speed 
of  2000  rpm,  an  altitude  of  30,000  feet,  and  at  various 
inlet-manifold  pressures  and  fuel-air  ratios  is  sho'W'n  in  figure 
4.  For  a  fuel-air  ratio  of  0.086,  the  minimum  net  brake 


noUBX  1.— Vulitloa  at  nrt  bnka  (peolOo  lud  oamimiitloii  with  engine  exlnnit  preeaun;  at 
vartoos  Inlet^nanllbld  preesoRa  and  IPetatr  latlaa.  ISoyllnder  radial  alrataft  ragtna  wttli 
geatod  tnrblne  and  supiudianier;  engine  speed,  3000  rpm;  alUtnde,  lOfiOO  Het;  oarbnietar- 
airtemperatora,  00*  F;  tnrblne  and  eapoi«diai^aaieienciei,8Speienit;  gear  efllelency,  OS 
percent. 

specific  fuel  consumption  decreases  as  inlet-manifold  pressure 
is  increased;  a  large  drop  in  net  brake,  specific  fuel  consump¬ 
tion  also  OQCurs  when  the  fuel-air  ratio  is  decreased  from 
0.086  to  0.063.  The  effect  of  reducing  fuel-air  ratio  is  much 


greater  than  that  of  increasing  inlct-manifuld  pressure,  it 
may  be  concludtKl  tliat  tho  most  eillciont  operation  occurs  at 
a  fuel-air  ratio  of  approximately  0.003  and  at  the  higlu-st  uilet- 
manifold  pressure  permissible  from  considerations  of  engine 
knock  and  cooling.  At  a  fuel-air  ratio  of  0.003  and  an  engine 
speed  of  2000  rpm,  using  AN-F-28,  Amendment '2,  fuel, 
incipient  knock  occurred  during  tests  at  an  inlet-manifold 
pressure  of  30  inches  of  mercury  absolute  and  an  engine 
exhaust  pressure  of  28  inches  of  mercury  absolute.  The 
knock  became  progressively  worse  ns  exhaust  pressure  was 
increased.  The  runs  at  this  fuel-air  ratio  were  therefore 
limited  to  an  inlet-manifold  pressure  of  38  niches  of  mcrciuy 
absolute.  Figure  6  presents  curves  of  net  brake  horse¬ 
power  of  the  combination  that  correspond  to  tho  specific- 
fuel-consumption  curves  of  figure  4. 


Fioi’u  t.— Variation  of  net  brake  bonepower  with  engine  exlunut  ptvMiiie  at  varkxu  Inlet- 
manlMd  proaeureaand  tuel^lrrattoa.  ISoyllnder  radial aberanenglno  with  gmrtdtiuUno 
and  aupetebarger;  engine  ipeed,  3000  rpm;  altitude,  30,000  feet:  earburetoralr  lempeni> 
tore,  SO*  F;  tnrblna  and  npenlmiier  eflldeneici,  85  petevnt;  gear  efflebner,  05  percent. 


Fiocbb  fl Virlitlaii  of  net  bnke  bonepowcr  and  bcake  fBof  con»nmptlon  with 

engine  exbanstpreamre  at  rariomaltltadei.  l&cxUndern&lalieraft  engine  with  feared 
tnrblne  and  mperchaEger;  fnetafr  tatia,  (LOU;  engine  q)eed,  2000  ipm;  tnlet-manBhkl 
pieanre,  3S  Incbea  of  mefcmy  ahialnte;  earbaietoralr  tempentnre,  00*  F;  turbine  and 
enperehaiger  elDclenclea,  80  percent;  gear  effideney,  08  percent. 


2000  rpm,  an  inlet-manifold  pressnre  of  38  inches  of 
mercury  absolute,  and  a  fuel-air  ratio  of  0.063  at  various 
altitudes  and  engine  exhaust  pressures.  Similar  curves  were 
calculated  nasminingr  a  fuel  having  a  higher  knock  rating  than 
AN-F-28  in  the  lean  range  for  an  inlet-manifold  pressure  of 
40  inches  of  mercmy  absolute,  based  on  the  extrapolated  per¬ 
formance  given  in  table  II  (fig.  7).  In  figure  7,  maximum 
net  power  at  an  altitude  of  30,000  feet  occurs  at  an  eug^e 
exhaust  pressure  of  approximately  33  inches  of  mercury  ab¬ 
solute.  Minimum  net  brake  specific  fuel  consumption  at  an 
altitude  of  30,000  feet  occurs  at  an  engine  exhaust  pressure 
of  approximately  50  inches  of  mercury  absolute.  There  is 
a  trend  toward  lower  optimxun  en^e  exhaust  pressure  at 


higher  altitudes,  but  the  curves  are  flat  and  little  change  in 
net  brake  specific  fuel  consumption  occius  between  engine 
exhaust  pressures  of  42  and  60  inches  of  mercury  absolute. 
In  general,  net  brake  specific  fuel  consumption  is  a  minimum 
for  engine  exhaust  pressures  approximately  25  percent  above 
miet-manifold  pressure  and  varies  only  slightly  from  the 
TniniTniiTn  for  a  range  of  exhaust  pressures  from  5  to  45  per¬ 
cent  above  inlet-manifold  pressure.  The  minimum  net  brake 
specific  fuel  consumptions  at  10,000  and  30,000  feet  are  0.367 
and  0.323  pound  per  brake  horsepower-hour,  respectively. 
If  the  system  is  designed  to  operate  at  the  exhaust  pressure 
for  maximum  net  power,  a  sacrifice  in  specific  fuel  consump¬ 
tion  of  approximately  3  percent  would  result. 
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Table  III  shows  the  power  produced  by  the  engine  and 
the  turbine  and  the  power  required  for  the  auxiliary 
supercharger. 

For  comparison  with  the  optimum  geared-turbine  arrange¬ 
ment,  cross  curres  are  shown  in  figures  6  and  7  that  represent 
the  following  cases: 

(а)  Engine  with  geared  auxiliary  supercharger  and  no 

turbine 

(б)  Engine  with  ungeared  auxiliary  turbosupercharger 
Current  turbosupercharger  operation  with  closed  waste  gate 
is  approximated  by  case  (6).  Figure  7  indicates  a  reduction, 
in  net  brake  specific  fuel  consumption  of  21  percent  at  an. 
altitude  of  30,000  feet  and  14  percent  at  10,000  feet  with  the 
optimum  geared-turbine  arrangement,  as  compared  with 
case  (&). 


Calculations  were  also  made  for  case  (a)  with  individual 
exhaust  stacks  for  auxilliaiy  jet  propulsion,  assuming  the 
optimum  stacks  for  no  engine-power  loss,  a  speed  of  350 
miles  per  hour,  and  a  propeller  efficiency  of  86  porconl.  The 
stacks  provide  an  effective  increase  in  engine  shaft  power  of 
162  horsepower  at  10,000  feet  and  203  horsepower  at  30,000 
feet.  The  net  brake  specific  fuel  consumption  is  reduced  to 
0.376  pound  per  brake  horsepower-hour  at  10,000  feel  and 
0.401  pound  per  brake  horsepower-hour  at  30,000  feet.  'I’lio 
net  brake  specific  fuel  consumption  obtained  for  cose  (a) 
with  individual  exhaust  stacks  for  auxiliary  jet  proi>u1sion 
was  lower  than  that  obtained  for  the  engine  with  ungeared 
auxiliary  turbosupercharger  (case  (6))  at  10,000  feel,  equal 
at  30,000  feet,  but  higher  than  that  obtained  with  comixuind 
operation  at  both  altitudes. 


TABLE  III.— ENGINE.  TUHBINE,  AND  AUXILIARY  SUPERCHARGER  POWERS 
(Sngliia  ipoad,  SHOO  rpm;  tokt-manllidd  prewre,  40  In.  He  «!».;  tuakBlr  ratio,  0lO83] 
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The  effect  on  net  brahe  apecific  fuel  consumption  of  decreas¬ 
ing  the  supercharger  and  turbine  efSciencies  from  85  to  70 
percent  and  the  gear  efficiency  &om  95  to  85  percent  is  pre¬ 
sented  in  jBgure  8.  These  calculations  were  made  for  an 
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Frares  8. — Variatloo  of  net  bnke  ipeclBc  fbri  ooneamiitloa  with  mglnt  «Th«Mt«t  pceotiie 
Dw  vaiiona  turbine  end  inpetebergg  eSdeiiciee.  IS-eylhKler  radial  altetaa  englna  wttb 
feared  turbine  and  laperclBtfef;  Ibetair  ratio,  (UMS;  enfine  ipeed,  2000  rian; 
ftuxnfeet;  hilet-mantflild  ptenire.  10  Indieiot  menazE7  abaoliite;  earbnretoralr  tempera- 
tnte,  to*  F. 

engine  speed  of  2000  ipm,  an  inlet-manifold  pressure  of  40 
inches  of  mercury  absolute,  a  fuel-air  ratio  of  0.063,  and  an 
^titude  of  30,000  feet.  The  reduction  in  the  efficiencies  of 
turbine,  supercharger,  and  gears  causes  an  11-^ercent  increase 
in  the  minimum,  net  brake  specific  fuel  consumption.  This 
percentage  change  in  fud  consumption  may  be  assigned  to 
the  several  changes  in  component  efficiencies  as  foIlowB; 
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The  reduction  in  fuel  consumption  possible  if  the  turbine 

were  provided  with  an  exhaust  nozzle  for  jet  propulsion  is 

shown  in  figure  0.  It  was  assumed  that  the  tail  pipe  and  the 


FIocuS.— ComparSaioCiiet  brake  ipeolllo  Aid  coDnmiptionlsreticIiia  with  acandturbliia 
with  and  Ttthoot  Jet  prapiulilon  at  Tarioui  abplane  •peeda  and  aUitndeB:  ISorllnder 
radU  alrentt  anglu  Tritb  geared  tnrblne  and  anpercharger;  Aiel«lr  ratio,  (UMI;  engins 
apaad,  2000  ipo;  Inlet-man  fflilrt  preomc,  40  im*—  oT  meRnrr  "iMnin*";  eaibmetnralr 
temptratura,  00*  F;  tnrblne  and  aapenhaiier  dBetenelea,  SO  percent;  fear  effldmOT', 
OS  percent. 


nozzle  conserve  the  turbine-exit  velocity  with  negligible  loss. 
Jet  propulsion  provides  an  additional  r^uction  in  net  brake 
specific  fuel  consumption  at  350  miles  per  hour  of  3.2  percent 
at  10,000  feet  and  3.7  percent  at  30,000  feet.  Calculations 
indicated  that,  for  the  cases  of  figure  9,  there  is  little  gain  in 
decreasing  the  jet-nozzle  area  and  increasing  the  engine  ex¬ 
haust  pressure. 

The  cooling-air  pressure  drop  required  to  maintain  a  tem¬ 
perature  of  400°  F  at  the  rear  spark-plug  boss  on  the  average 
cylinder  and  approximately  450°  F  on  the  hottest  cylinder 
(assuming  NACA  standard  atmosphere)  at  various  exhaust 
pressures  and  altitudes  is  given  in  figure  10.  A  cross  curve 


Ftoeax  10.— Vubtlon  of  Goolhirslr  pnnme  drop  with  enable  esbamt  pname  at  Tuimu 
altUodea.  ISeyllnder  radial  abcralt  enalna  with  leared  tnrfahw  and  aupeRbaigei;  tael- 
air  ratio,  OJOS;  engfaia  ipeed,  2000  rpm;  hdet-manJIiId  punii,  40  hiebei  at  metenry 
abwinte;  carboretoralr  tempecatUTe,  00*  F;  anowableaTeraae  mi^qxu±-plna-bOB  tamper- 
atnre,  400^  F;  aDowahle  maiftnnin  rtarapatk-phvfiaa  temperature,  UD*  F;  NACA 
atandard  atmoiphete. 

is  included  to  show  the  pressure  drop  available  at  an  indicated 
mrspeed  of  200  miles  per  hour,  nssoTTning  that  80  percent  of 
the  dynamic  pressure  can  be  made  available  for  cooling. 

The  curves  of  figure  10  indicate  that  operation  with  a  hi^ 
exhaust  pressure  increases  the  pressure  drop  required  for 
cooling.  It  is  possible  to  reduce  the  cooling-air  pressure  drop 
required,  to  lessen  tendency  toward  knock,  and  to  increase 
net  power  with  only  a  sman  increase  in  specific  fuel  exmsump- 
tion  by  operating  at  an  exhaust  pressure  below  that  requir^ 
for  minimum  net  brake  specific  fuel  consumption.  For 
example,  figure  7  shows  that  TninmnTTn  specific  fuel  consump¬ 
tion  at  an  altitude  of  30,000  feet  is  obtained  at  an  e^baust 
pressure  of  50  inches  of  mercury.  The  following  table  is  a 
comparison  of  the  specific  fuel  consumption,  required  cooling- 
air  pressure  drop,  and  engine  power  for  this  ochaust  pressure 
and  for  an  exhaust  pressure  of  42  inches  of  mercury  absolute, 
taken  from  figures  7  and  10,  respectively: 
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The  effective  turbine-nozzle  areas  required  at  various 
engine  speeds  and  exhaust  pressures  for  an  inlet-manifold 
pressure  of  40  inches  of  mercury  absolute  are  diown  in  figure 
1 1 .  The  areas  are  almost  independent  of  altitude  if  super¬ 
critical  fiow  existe  throu^i  the  turbine  nozzles.  At  an  engine 
speed  of  2000  rpm  and  an  engine  exhaust  pressure  of  60 
inches  of  mercury  absolute,  figure  11  indicates  a  required 


Fiqcbk  11. — ViiiatlOD  of  lurbine-Doxile  orea  with  ■ngirin  iiiriniirn  ■[  varioasengioe 

sp(>ed0.  iS^Under  nuUol  alroeaft  angbw  with  geared  iorblne  end  nperebarger; 
ratio,  (UWS;  Inkt-manlfbU  preeiare,  40  Inches  of  mercury  aboohite;  oabboretoralr  tem- 
ppraturc,  90*  F. 

effective  turbine-nozrie  area  of  8  square  inches.  For  an 
e^diaust  pressure  of  42  inches  of  mercury  absolute,  the 
required  area  is  10  square  inchee. 

It  is  noted  in  figure  4  that  minimum  specific  fuel  consump¬ 
tion  is  obtained  at  nearly  a  constant  ratio  of  engine  exhaust 
pressure  to  inlet-manifold  pressure.  A  given  turbine-nozzle 
area  would  provide  a  nearly  constant  ratio  of  engine  exhaust 
pressure  to  inleb-manifold  pressure  for  a  given  engine  speed. 
Hence,  a  turbine-nozzle  area  chosen  jto  give  minimum  spe¬ 
cific  fud.  consumption  at  one  inlet-manifold  pressure  would 
give  minimmn  specific  fuel  consumption  at  other  inlet-  [ 


manifold  pressures  at  the  same  engine  speed.  Figure  11 
indicates  that  the  required  turbine-nozzle  area  to  hold  a  con¬ 
stant  ratio  of  engine  exhaust  pressure  to  inlet-manifold 
pressure  increases  nearly  proportionately  with  engine  spcctl. 

DISCUSSION  OF  OPERATION 

The  characteristics  of  conventional  aircraft  engines, 
superchargers,  and  exhaust-gas  turbines  arc  such  that  a 
given  set  of  elements  can  be  made  to  match  for  compound 
operation  over  only  a  limited  range  of  engine  and  flight  con¬ 
ditions.  A  full  discussion  of  tlu*  operating  problems  of  a 
compound  engine  that  will  give  maximum  efficiency  over  the 
entire  operating  range  is  beyond  the  scope  of  this  report; 
nevert^less,  a  compromise  that  can  be  used  to  obtain  the 
benefite  of  compound-engine  operation  over  a  range  of 
cruising  conditions  will  be  discussed. 

It  is  assumed  that  on  each  engine  two  turbosupcrchorgers 
are  connected  by  parallel  ducts  with  a  modification  that  [kt- 
mits  all  tlic  exhaust  gas  to  be  passed  through  only  one  of  the 
turbosuperchargers  and  a  clutch  and  gear  train  to  connect 
that  turbosupercharger  to  the  engine  crankshaft.  At  high 
engine  speeds,  both  turbosuperchargers  arc  free  and  operate 
in  parallel.  At  low  engine  speeils,  both  are  free  but  only  one 
is  required  to  supercharge  the  engine.  At  medium  engine 
speeds,  only  one  tmbosupcrcharger  is  used  and  it  is  geared 
to  the  engine  crankdiaft  and  operates  with  a  high  nozzle-box 
pressure  to  provide  extra  power  for  the  propeller. 

For  example,  a  system  dosigninl  for  geared  operation  with 
morimum  economy  at  the  following  conditions  is  considered: 


Engine  speed,  rpm _ _ — _ _ _  .2000 

Inlet-manifold  pressure,  inches  mercury  absolute . . . .  40 

Altitude,  feet _  30,000 


At  these  conditions,  a  turbine  with  a  closed  waste  gale  and 
i  an  effective  nozzle  area  of  10  square  indies  will  produce  an 
engine  exhaust  pressure  of  42  inches  of  mercury  absolute  and , 
according  to  figure  7,  will  give  a  not  brake  specific  fuel  con¬ 
sumption  very  dose  to  tlio  minimum.  For  expansion  from 
42  inches  of  mercury  absolute  to  atmospheric  pressure  at  an 
'  altitude  of  30,000  feet,  the  theoretical  turbine -nozzle  dis- 
I  charge  velocity  is  3116  feet  per  second.  For  a  turbinc- 
!  whed  pitch-line  vdocity  of  1200  feet  per  second,  the  cor¬ 
responding  blade-to-jet  speed  ratio  is  0.386,  which  gives  an 
-  efiicieney  dose  to  the  peak  value  for  a  single-stage  impulse 
I  tmbine.  *  The  turbine  diould  be  equipped  with  a  gear  train 
•  to  provide  the  correct  pitdi-linc  vdocity  at  an  engine  speotl 
of  200b"rpih. 

YTitb  tl^e  same  engine  speed  and  inlet-manifold  pressure  at 
lower  altwdos,  engine  exliaust  pressure  remains  at  42  inches 
of  meremy  absolute  down  to  the  altitude  at  which  the  pres¬ 
sure  ratio  across  the  turbine  nozzles  is  subcrilicnl  and  then 
increases  to  approximatdy  44  inches  of  mercury  absolute  at 
sea  levd.  The  turbine-nozzle  disdiargc  velocity  is  reduced 
to  1660  feet  per  second  and  at  constant  engine  speed  the 
corresponding  blade-to-jcl  spetnl  ratio  is  0.723,  giving  a  low 
_  turbine  efficiency.  Also  the  inlet-manifold  pressure  pro- 
'  vided  by  the  engine4tage  supercharger  and  the  geared  turbo- 
supOTcharger  increases  with  a  reduction  in  altitude,  and 
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throttling  of  the  superchargers  is  necessary.  At  some  low 
altitude,  the  loss  of  turbine  ^ciency,  the  waste  of  super¬ 
charger  power,  and  excessive  heating  of  the  charge  would 
make  it  advantageous  to  declutch  the  turbosuperdiarger. 

EfEcient  cruise  operation  at  altitudes  lower  than  30,000 
feet  can  be  obtained  by  sli^tly  reducing  the  engine  speed 
without  changing  the  ratio  with  which  the  turbosuperchaiger 
is  geared.  Little  throttling  of  the  supercharger  would  then 
be  necessary,  the  turbine  efficiency  would  be  near  its  peak, 
and  over  a  wide  range  of  altitudes  the  engine  exhaust  pressure 
could  be  maintained  at  a  high  enough  value  to  realize  a  sub¬ 
stantial  decrease  in  net  brake  specific  fuel  consumption. 

At  high  altitudes  and  at  eng^e  speeds  considerably  lower 
than  2000  rpm,  the  geared  turbosupercharger  (designed 
for  the  conditions  listed)  operates  at  too  low  a  speed  and 
is  unable  to  maintain  the  required  carburetor-air  pressure. 
At  very  high  engine  speeds  (relative  to  2000  rpm)  at  all 
altitudes,  the  turbosupercharger  tip  speeds  exceed  the  safe 
value.  For  both  these  cases  the  turbosupercharger  ^ould  be 
declutched  and  operated  as  a  free  turbosupercharger. 

The  range  of  satisfactory  compound  operation  could  be 
greatly  increased  by  the  use  of  a  variable  gear  ratio  between 
the  engine  and  the  turbosupercharger,  variable  turbine- 
nozzle  area,  and  variable  diffuser  vanes  to  prevent  super- 
•  charger  surge,  but  these  features  require  considerable 
development. 

Althou^  current  equipment  cannot  be  combined  to  give 
satisfactory  compound  operation  over  the  entire  range  of 
engine  speeds,  the  foregoing  discussion  indicates  that  reduc¬ 
tions  as  great  as  21  percent  in  the  minimum  brake  specffic 
fuel  consumption  at  which  the  engine  can  cruise  can  be 
attained  over  a  narrow  range  of  engine  speeds  by  the  addition 
of  a  clutch  between  the  engine  and  one  tm-bosupercharger; 
the  turbosupercharger  can  be  connected  to  the  engme  at  these 
speeds  and  disengaged  at  other  speeds. 

SUMMARY  OF  RESULTS 

Calculations,  based  on  test  data  for  an  18-cylinder  radial 
aircraft  engine  having  a  2804-cubic-inch  displacement  and 
40°  valve  overlap,  gave  the  following  results  concerning 
operation  of  the  en^ne  with  a.geared  exhaust-gas  turbine  and 
supercharger: 

1.  Specific  fuel  consumption  decreased  with  a  decrease  in 
fuel -air  ratio  to  a  fuel-air  ratio  in  the  neighborhood  of  0.063. 

2.  Specific  fuel  consumption  decreased  with  increase  in 
inlet-manifold  pressure  for  a  constant  fuel-air  ratio. 

3.  Minimum  specific  fuel  consumption  was  obtained  at  the 
maximum  inletrmanifold  pressure  for  knock-free  opwation 
at  a  fuel-air  ratio  of  about  0.063.  Any  appreciable  increase 
in  fuel-air  ratio  to  avoid  knock  had  a  greater  adverse  effect 
on  economy  than  the  favorable  effect  of  the  corresponding 
permissible  increase  in  inlet-manifold  pressure. 


4.  Minimum  specific  fuel  consumption  of  this  combination 
occurred  at  an  engine  speed  of  2000  rpm  for  the  en^e 
under  consideration. 

5.  The  net  brake  specific  fuel  consumption  of  the  combina¬ 
tion  was  a  TTitniTmTm  for  eng^e  exhaust  pressure  approxi¬ 
mately  26  percent  abave  inlet-manifold  pressure  and  varied 
only  slightly  from  the  wiiTiiTmrm  for  a  range  of  exhaust  pres¬ 
sures  from  5  to  45  percent  above  inlet-manifold  pressure. 

6.  The  TninimuTn  net  brake  specific  fuel  consumption  of 
the  combination  at  an  engine  speed  of  2000  rpm,  a  fuel- 
air  ratio  of  0.063,  an  inlet-manifold  pressure  of  40  inches  of 
mercury  absolute,  and  with  turbine  and  supercharger  effi¬ 
ciencies  of  86  percent  was  0.323  pound  per  brake  horsepower- 
hour  at  30,000  feet  and  0.367  pound  per  brake  horsepower- 
hour  at  10,000  feet. 

7.  A  reduction  in  turbine  and  supercharger  efficiencies 
from  86  to  70  percent  and  a  reduction  in  gear  efficiency  from 
96  to  86  percent  resulted  in  an  11-percent  increase  in  the 
minimum  brake  specific  fuel  consumption  at  30,000  feet 
and  at  the  same  engine  conditions. 

8.  The  effective  turbine-nozzle  area  required  at  an  engine 
speed  of  2000  rpm  to  maintain  the  optimum  ratio  of 
engine  exhaust  pressure  to  inlet-manifold  pressure  for  mini¬ 
mum  specific  fud.  consumption  of  this  en^e  combination 
was  approximately  8  square  inches  at  all  altitudes.  The 
required  nozde  area  increased  with  en^e  speed. 

9.  The  provision  of  an  exhaust  nozzle  to  conserve  the 
turbine-exhaust  velocity  for  jet  propulsion  would  allow  an 
additional  reduction  in  fuel  consumption  at  an  airplane  ^ecd 
of  360  miles  per  hour  of  3.2  percent  at  10,000  feet  and  3.7 
percent  at  30,000  feet. 

10.  The  reduction  in  net  brake  specific  fuel  consumption 
possible  with  this  eystem,  as  compared  with  the  usual 
ungeared-turbosupercharger  arrangement,  was  approximate¬ 
ly  14  percent  at  10,000  feet  and  21  percent  at  30,000  feet. 

11.  The  en^e  cylinder  temperature  increased  with 
increase  in  engine  exhaust  pressure.  Cooling  considerations 
may  therefore  necessitate  the  choice  of  an  engine  exhaust 
pressure  somewhat  lower  than  optimum,  with  a  small  sacri¬ 
fice  in  economy. 


Aircbaft  Engine  Research  Laboratory, 

National  Advisobt  Cohshttbe  for  Aeronautics, 
Cleveland,  Ohio,  January  1, 1945. 
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